Equilibrium Molecular Dynamics Calculations of the
Transport Properties of Molten Uranium Dioxide and
Zirconium'
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Viscosity and thermal conductivity of uranium dioxide and zirconium in molten state have
been calculated by means of equilibrium molecular dynamics simulation (EMD). The po-
tential function of uranium dioxide employed is partially ionic model, which consists of the
Coulomb interaction, core repulsion and Morse type potential. That of zirconium is N-body
potential, which consists of the Born-Mayer pairwise interaction and the attractive interac-
tion derived within a second moment approximation of the tight binding energy. Transport
properties of UO, and Zr were calculated by using the generalized Einstein equation based
on Green-Kubo equation. In the present study we have calculated viscosity and thermal
conductivity of molten UO, at high temperatures up to 3400 K. Calculated thermal con-
ductivity of molten UO, show eight times as large as experimental values at most. Calcu-
lated viscosity of molten UO, are in good agreement with Tasman’s experimental data
within 30%. Viscosity of molten Zr are calculated up to 2600 K, where no experimental
data exists.
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1. INTRODUCTION

Transport properties of molten uranium dioxide (UO;) and molten zirconium (Zr) are
needed in order to analyze corium movement in various potential accident situations for
designing advanced safer nuclear reactor. Corium is the melted core of nuclear reactor,
which consists of UO,, ZrO,, Zr, Fe, and fission products. UQO; is used as the nuclear
fuel and Zr is used as zircaloy for covering the fuel. The constituent materials of co-
rium are mostly UO, and Zr. Unfortunately, experimental investigation of the relevant
properties is difficult because of their radioactive and the high temperatures involved
(melting point of UO,: 3120K, Zr: 2125K). There have been very limited number of
experimental studies on their properties whose discrepancies are far beyond their
claimed accuracy. Experimental studies of the viscosity and thermal conductivity of
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TableI  Experimental studies of transport properties of molten UO, and Zr.

Substance Property Author Measurement technique Temperature range
Tsai et al L .
Oscillating Cup Viscometer 3080 K-3260 K
1972) [1]
n
Woodley o )
Oscillating Cup Viscometer 3020 K-3250 K
(1974) [2]
Uo, Kim et al.
Modulated Electron Beam 3187 K-3315K
1977) [3]
A Quasistationary method on a

Tasman et al.

partially molten self-contained 3120 K-3200 K
(1983) [4]

sample
Yelviutin et al. o )

Oscillating Cup Viscometer 2150 K-2400 K
(1965) [5]
Bunnel et al. o )

Zr n Oscillating Cup Viscometer 2075 K-2175 K

(1986) [6]
Paradis et al. . .

Electrostatic Levitator 1860 K-2170 K
(1999) [7]

UO, and Zr are listed in Table 1.

Several molecular dynamics studies for solid-state properties and structure of
UO; and Zr have been reported. Super ionic conduction of oxygen ions and properties
such as thermal conductivity, compressibility and density had been studied in solid state
of UO; [8-12]. Temperature dependence of hcp-bece transition (hep: hexagonal close
packed structure (@), bee: body-centered cubic structure (f) ) and defects, surface and
displacement-threshold properties of o~zirconium had been studied in solid state of Zr.
[13, 14] However, there is no molecular dynamics study for transport properties of
UO; and Zr in molten state.

Our final goal is to calculate transport properties of UO, and Zr in molten state
by using equilibrium molecular dynamics (EMD) simulation.

2. CALCULATION METHODOLOGY OF TRANSPORT PROPERTIES

The calculation methodology of transport properties can be classified into equilibrium
molecular dynamics (EMD) and nonequilibrium molecular dynamics (NEMD). In the
conventional EMD, the transport properties can be evaluated from the integral of the
statistically averaged time correlation function of the momentum flow tensor, the energy
current, and particle current in equilibrium state without external disturbance. On the
other hand, NEMD uses the current caused by an applied external field. Recently
NEMD has been considered as a very efficient tool for calculating transport properties
in the case of the complex model. Although NEMD has advantages, the fictitious ex-



ternal field applied to the system seems to be so large that that the calculated results
may not be used for engineering purposes. Therefore, in the present study we have
adopted the EMD method for UO; and Zr.

The fluctuation-dissipation theorem relates the decay of macroscopic distur-
bances, caused by external perturbations, to the spontaneous microscopic fluctuations in
a thermodynamical system. This theorem is the basis of the Green-Kubo theory of
transport, which equates transport coefficients to correlation functions of microscopi-
cally defined fluxes. The expression for viscosity 77 and thermal conductivity A can be
calculated by using the stress flow tensor 7and energy current J:
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() denotes equilibrium average, ¥ the volume of system, kg the Boltzmann constant, 7

temperature, ¢ time, x; and y; the x and y components of the position of particle i, ¢; the
potential energy between particles i and j, v; the velocity vector of particle i, r;; the posi-
tion vector between particle i and j, and F;, the force of x components between particle i
and j. The transport properties can be calculated thorough integration of the auto cor-
relation function by GK equation, but calculated values do not show convergence to a
certain constant that is theoretically correct when time approaches infinity. Here, we
use the following equations [15]:
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In the above equations, the mean square displacement (MSD) is calculated by means of
an integral. Transport properties can be calculated from the slope of MSD. As seen
in Fig. 1, transport properties can be calculated from the slope of MSD against time
with fewer statistical uncertainties. A clear linear slope was obtained by means of the
generalized Einstein equation with less ambiguity.
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Fig. 1. MSD for viscosity from the GE equation corresponding to Zr at
5904 kg'm™ and 2200K.

3. CALCULATION RESULTS OF URANIUM DIOXIDE

The potential function of UO; used in the present study is a partially ionic model given
by Yamada et al. [12], which was the Busing-Ida [16] type potential including a cova-
lent contribution between the nearest anion-cation pair as follows:
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This model consists of the Coulomb interaction, core repulsion, and van der Waals'
force. Z; is the effective partial electronic charges on the ion i, e the electric charge, &
the dielectric constant of vacuum. Potential parameters are listed in Table II. The
parameters of this model were fitted to thermal diffusivity and compressibility at 1600
K [12]. NVE ensemble calculations were performed for 324 ions (108 cations and 216
anions). The volume of system was chosen so as to reproduce the experimental den-
sity at each temperature [17]. The equations of motions were integrated using the ve-
locity Verlet algorithm with a time step Af of 2 fs.  The kinetic energy was kept at de-
sired temperature with scaling the velocities of all ions for the initial 10 ps. Without
scaling them the coordinates and velocities obtained for the subsequent 100 ps.
Long-range Coulomb interactions were treated with Ewald’s summation. Figure 2
shows the mean square displacements of cations and anions obtained from simulations
at 3200 K. Several papers reported superionic conduction that anions are diffused at
the high temperature in solid state. It is immediately clear from our results for solid
that superionic conduction was shown in 3200 K from slope of anions. This solid be-
havior in liquid temperature and density may be shown because partially ionic model is



too “rigid” for liquid state. The parameters of this model were fitted to the properties
of solid state. Furthermore, the parameters were determined to hold the stable CaF,
type structure and to set the mean square displacement of oxygen ion in the unit cell
within 200 pm?” at 300 K, which was equal to thermal vibration. The parameters were
only set to simulating adequately for solid states. In order to simulate liquid state
adequately, the interionic model was needed whose parameters were set to not only
solid state properties but also those of liquid state such as melting temperature, latent
heat, and self diffusion coefficient.

Self diffusion coefficient of anion and cations was calculated from the slope of
obtained mean square displacement,

1 )
D= 1{1596<|r(z) —r(0)| > . (8)

From Fig. 2, the obtained self diffusion coefficient in 3200 K was 6.5x10~ m?/s (ani-

Table II.  Parameters of partially ionic model of UO, modeled by Yamada et al. [12]

Ton Z; a; b; Ci
(A) (A) (keal"A*mol %)
18] -1.2 1.926 0.160 20
O 2.4 1.659 0.160 0
Dy By "o
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Fig. 2. Mean square displacement of U ions and O ions in 3200 K. Solid line; cations,

dash line; anions.



ons). Other studies, calculated value were 1.52x10° m?/s (anions at 3000 K) by
Karakasdis ez al. [18], 21.1x10”° m?%s (cations) and 35.5x10~ m?s (anions) in 3400
K by Sindzingre et al. [9], 3.6x10”° m?s (anions) in 2900 K by Yamada et al [12].
There has been no experimental study reported about self diffusion coefficient of oxy-
gen near melting points, we could not evaluate our value by comparison with experi-
mental studies. However evaluating our value from other simulation data and simu-
lating liquid state over melting temperature and density, the rigid ion model can be con-
sidered reasonable for simulating liquid state.

Figures 3 and 4 show calculated viscosity and thermal conductivity as a func-
tion of temperature. The calculated viscosity was smaller than the experimental data
by Tsai et al. (5-9 mPa-s) and was in good agreement with Woodley’s data (4 mPa-s).
Although it was considered that calculated viscosity would be large because of the solid
behavior of cations, calculated value are within the range of experimental data. De-
pendency on temperatures was not obtained from our results. The calculated thermal
conductivity were several times as large as experimental value by Kim et al. and Tas-
man et al., and moreover they are not smooth with temperature.

The above mentioned disagreement of thermal conductivity and viscosity was
because conventional Ewald sum was used for the momentum flow tensor and energy
current. The expression for the momentum flow tensor and the energy current include
the product term between the interionic distance and force. There remains an ambigu-
ity that a corresponding interionic distance cannot be uniquely defined to an interionic
force from the reciprocal space using the conventional Ewald sum. Bernu ef al. [19]
proposed the expression for the Ewald sum in the momentum flow and the energy cur-
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Fig. 3.  Calculated viscosity of UO, compared with experiments. Filled cir-

cles are our results.
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Fig. 4. Calculated thermal conductivity of UO, compared with experiments. Filled

circles are our results.

rent. Sindzingre et al. [20] applied the Ewald sum by Bernu to the calculation of the
energy current and calculated thermal conductivities of molten ionic materials such as
sodium chloride and potassium chloride by the means of EMD. In order to calculate
the viscosity and the thermal conductivity with no ambiguity, we have to apply Ewald
sum by Bernu to the longritual momentum flow tensor and energy current.

4. CALCULATION RESULTS OF ZIRCONIUM

The potential function of Zr used in the present study is a N-body potential modeled by
Willaime ef al [14]. The contribution of particle i to the cohesive energy ®; is

D, :Aﬁexp{—p(%— ﬂ\/«fziexp{2q(% H , )

where r is the nearest-neighbor distance in o~Zr at 0 K. Each parameters of the po-
tential are p=9.3, ¢=2.1, 4=0.179364 eV, £=2.2014548 eV, and ry=3.1744 A. The
repulsive part is a Born-Mayer pairwise interaction and the attractive part is the sec-
ond-moment approximation of tight-binding band energy.

Since the potential depends explicitly on the interatomic distances only, the in-
teratomic force between particle i and j can be expressed as [21]
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where

NVE calculations for Zr were performed for 686 particles. The volume of
system was chosen so as to reproduce the experimental density at each temperature [21].
The equations of motions were integrated using the velocity Verlet algorithm with a
time step Af of 2 fs. The kinetic energy was kept at desired temperature with scaling
the velocities of all ions for the initial 20 ps. Then the coordinates and velocities ob-
tained for the subsequent 400 ps.

Figure 5 shows the obtained mean square displacement of Zr in 2100 K and
2200 K. The mean square displacement of Zr is convergent to constant value in 2100
K, on the other hand the mean square displacement in 2200 K had large slope. From
its results, this model of Zr behaves as liquid state over 2200K. It is confirmed that it
can simulate liquid state of Zr adequately because melting temperature of Zr is 2125 K.
The calculated self diffusion coefficient was 4.5x10” m>s™. This value was little
smaller than the value by lida et al. [22] (6.8x10” m*s™ at melting point).

Calculated results for viscosity of molten Zr is shown in Fig. 6. We have cal-
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Fig. 5. Calculated mean square displacement of Zr in 2100 K and 2200 K. Solid line; 2100 K,
dash line; 2200 K.



culated density of molten Zr for wide range of temperatures up to 2600 K where no ex-
perimental data exists. The temperature of molten corium is far over the melting point
of Zr. Calculated viscosities with temperature were smaller than other experimental
values near melting point: 5 times as small as Bunnel et al., twice as small as Yelviutin
et al., 30 % smaller than Paradis et al. A little negative dependency of calculated vis-
cosity on temperature was observed from Fig. 7. The negative dependency of viscos-
ity on temperature was smaller than that of Yelviutin data.

Although the potential parameters of Zr were fitted to solid-state properties
such as elastic constants, vacancy formation energy, lattice constants, and cohesive en-
ergy, the parameters were not fitted to liquid-state properties. To calculate transport
properties with higher accuracy, the potential parameters are needed which was fitted to
liquid state properties like latent heat and density. Although modeled Zr was fitted
only to solid-state properties, we could predict properties in high temperature of metals
whose molecular models are complicated if we could model of molecules adequately.
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Fig. 6. Calculated viscosity with temperature compared with experimental

data. Filled circles are our results.
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